noted that non-isothermal effects may be of the same order of magnitude as gravitational effects [14] . They are necessary in order to explain deviations from the segregated state predicted by thermodynamic equilibrium models [1, 5] . Additionally, the thermal field may sometimes cause instability of an equilibrium state and formation of convective fluxes [15] [16] [17] .
INTRODUCTION
The problem of segregation is studied in order to predict the distribution of reserves and properties of hydrocarbon mixtures in a thick oil-gas-condensate reservoir. In this kind of reservoir substantial varia-. tion in the composition of the reservoir mixture with dep th is observed [1] [2] [3] . This effect was realized as early as in 1938 [4] and extensively studied during the last decade (see the review in [5] ). Significant compositional gradients were reported for such reservoirs as Karachaganak [1] , East Painter [2] , the Birba field [3] , the Brent field [6] [7] [8] and others.
Segregation arises in a reservoir due to the act ion of the gravitational force. The two major effects of the segregation are splitring of the reservoir into oil and gas zones and formation of compositional gradients in both zones.
The picture of the distribution of hydrocarbons along a reservoir is complicated by the act ion of the capillary forces and of the thermal gradient of the Earth. The capillary forces lead to spreading of the gas-oil contact (GOC) and formation of a transition zone in which the saturation of oil varies from zero to unity. This zone may be quite thick and contain a significant amount of hydrocarbons [1, 9, 10] .
Presence of the thermal gradient leads to redistribution of the components in the reservoir in accordance with the Dufour-Soret effects [11] [12] [13] . It has been 2 Two-Phase Segregation in a Thick Reservoir ECMOR V,1996 fusion fluxes in a binary mixture obtained in [18] are here generalized to a multicomponent case. The interpretation is clarified to show the impact of different mechanisms on a compositional grading in a transition zone.
EQUILIBRIUM AND NON-EQUILIBRIUM

SEGREGATION Equations of equilibrium segregation
Early studies o.f the phenomenon of compositional grading [4, 19] are based on the model of isothermal segregation in the extern al (gravitational] field. Within the framewerk of this model, segregation of a oneph ase A-co.mpo.nent mixture is described by the following system: dJ-t~. dz = MOig (z = I, v; a = 1, A) (1) where MOl are the molecular weights of the components and J-t~= J-t~(Pi, T, x~) are their chernical potentials in the ith phase (liquid or vapor). The potentials depend on the ph ase pressures pi and on the molar fractions of the components x~(f3 = 1, A-I).
Thus, at a constant temperature the system of equations (1) is closed and, in principle, allows us to determine distributions of all the components and of the pressure starting from the data at a single depth.
An important consequence of Eq.
(1) and the Gibbs-Duhem equation is the hydrostatic distribution of the pressure: dpi . -=p'g ( 
2) dz
Another forrn of the equations of isothormal segregation may be obtained by introduetion of reduced chemical potentials [1] :
In these designations, Eq. (1) is transformed to d17~= 0 dz and, since the number of equations in system (4) is only A-I, Eq. (2) becomes independent and may be used to complete the last system. Two important generalisations of the above treatment we re recently developed.
First, it was shown that, in the absence of the specific phenornenon called the dynamic thermodiffusion, system (1) may be used to describe the non-isothermal segregation for the known distribution of temperature with depth T(z) (for example, for a constant value of the geotherrnal gradient e = dTjdz) [12] .
The second generalization was taking into account capillary forces which lead to the formation of a twophase transition zone [10] . At constant temperature, an equilibrium distribution in this zone obeys Eq. (1) for both phases, and, additionally, the condition of equality of the chemical potentials of vapor and liquid:
.
J-t~=J-t~(a=I,A);
The liquid saturation s is found from the capiIIary pressure equation
wh ere J is the capillary pressure (the Leverett) function, the factor~is expressed through the surface tension (J, the wetting angle Band the characteristic radius of a pore JkN (k being the permeability andt he porosity):
Equations of non-equilibrium segregation
Let us now consider the case where the temperature differs from constant, and there is neither mechanical, no.r thermodynamic equilibrium in the transition zone, Later on we will show that breaking the equilibrium is unavoidable if the dynamic thermal diffusion cannot be neglected.
If the reservoir is closed and no inflow of gas and oil through its top and bottorn boundaries is observed, the convective fluxes of both phases are equal to zero. However, diffusion fluxes in the transition zone may differ from zero. and be sornehow equilibrated by the component exchange between the phases. On the basis of the forrnalism of non-equilibrium thermodynarnics, the following expressions for the diffusion fluxes can be obtained [1, 18] :
The temperatures in the two phases are supposed to be equal to the same value T = T(z), and the total non-convective heat flux is expressed as
In the last two equations, the values L~p, N~, qh, (11) gives the usual diffusion and cross-diffusion terrns, the second term in Eq. (11) expresses the barodiffusion, while the last term contributes to the thermal diffusion. This con tribution, from the derivatives of the chemical potentials, has assumed the name of the statie thermal diffusion [13] .
As it was mentioned above, the diffusion fluxes inside the two phases are equilibrated by the mass exchange between them. On the basis of non-equilibrium thermodynamics, it can be established that the exchange Ua of the oth component is proportional to the differences of the reduced chemical potentials (thus, the equality (5) of the chemical potentials in the two phases is violated):
These equations determine the mass exchanges of the first A-I component. The exchange of the remaining component is expressed through the values of Ua due to the mass conservation law. It can be shown [18] that such an expression is equivalent to the difference of the Ath chemical potential being proportional to differences of the reduced chemical potentials in both phases:
where ea are linear combinations of the kinetic coefficients of the exchange between phases.
Let us formulate a complete system of equations describing the non-equilibrium segregation. Instead of the equilibrium segregation conditions (4), we have a system of mass conservation laws for both phases: (14) :)cf>(1 -s)I~] = Ua (15) It can be shown that the energy equation is reduced to the condition of the constancy of the heat flux of the Earth:
The systemof equations (14) to (16) is completed by the hydrostatic conditions (2) and the capillarity equation (6) . The total number of equations in this system is 2A + 2. Correspondingly, we have 2A + 2 independent variables, which are to be chosen 1]~, pi, T, s and will be referred to as the basic set of segregation varia bles.
STATIe SOLUTION
In this section, we formulate general conditions providing an equilibrium (statie) solution of the segregation problem, and discuss systems of equations from which grading in different zones of a reservoir may be evaluated.
Let us first consider a one-phase zone i. The segregated state in this zone is described by A + 1 independent variables TJ~(a = 1, A-I), pi, T. Since the top and the bottom of the reservoir are impermeable, the diffusion fluxes through them are equal to zero. It follows from the mass balanee equations (14) and (15) (from which the terms of exchange are excluded) that the diffusion fluxes are equal to zero throughout all the one-phase zone:
I~= 0 (17) Thus, the mixture in a one-phase zone is in a mechanical equilibrium state. The system of equilibrium equations (17) is completed by Eqs.
(2) and (16) .
From this system the geothermal gradient e and gradients of the reduced chemical potentials can be de termined [1] : dT
where the saturation s is equal to zero in the gas zone and to unity in the liquid zone. The coefficient E(s) and the vector Ài consisting of the values À~are expressed as follows:
The matrix Li consists of the components L~/3' the vee tors Ni, qi of the components N~, q~, correspondingly 1.
Comparison of Eqs. (18) and (19) with system (4) shows contribution of the geothermal gradient to the compositional grading. It can be seen that this contribution is proportional not only to the geothermal gradient itself, but also to the coefficients of the dynamic thermodiffusion N~. In the absence of dynamic thermodiffusion, the segregation is described by the quasi-equilibrium equations (4) in which, however, the
temperature is changed in accordance with Eq. (18) [1,12].
Dynamic thermodiffusion is crucial for the possibility of equilibrium in the two-phase transition zone. Let us assume that we wanted to obtain an equilibrium solut ion for this zone. Such a solution would still obey 2(A -1) equations (19) (which follows from Eq. (17) of the absence of diffusion fluxes in vapor and liquid phases) and Eq. (18) for the geothermal gradient. The saturation s in the last equation is determined from Eqs. (2) and (6) . Thus, we have already 2A + 2 equations for the basic set of 2A +2 variables described at the end of the last section. However, it follows from Eq. (17) and the mass conservation laws (14), (15) that the component exchanges Ua must also be equal to zero in an equilibrium state, or (21) We obtain A-I additional conditions of the equilibrium. These conditions are incompatible with Eq. (19) if the coefficients À~are different for different phases. Actually, it is beyond reason to hope that the dynamic thermodiffusion coefficients are the same in gas and liquid.
However, if the dynamic thermodiffusion can be neglected, À~= 0, system (19) is simplified and reduced to the system of equations for the quasi-equilibrium segregation (4). The last system is compatible with condition (21) . Thus, in the absence of the dynamic thermodifJusion the transition zone is in the equilibrium state. This state is described by the pressure and capillary pressure equations (2) and (6), the segregation equations (4) together with the condition (21) and the temperature distribution (18) , which is simplified and transformed to dT dz = f(S) = Qo/r(s) (22) An important property ofthe static solution is that this solution makes it possible to predict the distribution of the thermodynamic parameters and the location of GOC starting from data at a single depth, if equations of state for gas and liquid, heat conductivities and capillary properties of the porous medium are known. Assume, for example, that we know the mixture composition, the pressure and the temperature at some point in the gas part of the reservoir. By solving segregation equations (2) and (4) we find the distribution of the thermodynamic parameters inside the gas zone [1] . The top of the transition zone is found as the point at which conditions (5) are compatible with the capillary pressure condition:
This condition also determines the pressure in the liquid phase, while Eq. (21) gives the initial values for the reduced chemical potentials. If we know all the initial values at the top of the transition zone, it is possible, by solving the static system of segregation to find distribution of all the parameters inside the transition zone and then to spread it to the one-phase oil zone of the reservoir. Note that, in the absence of dynamic thermodiffusion, the reduced chemical potentials remain invariabie throughout all the phases and all the zones of the reservoir.
DYNAMIC SOLUTION
In th is section we show that the conclusion ab out possibility of predicting the compositional grading and the location of the gas-oil contact remains valid for the case where the dynamic thermal diffusion cannot be neglected. For this purpose we construct a nonequilibrium dynamic solution and determine diffusion fluxes of the components in the transition zone.
Boundary conditions
The system of 2A + 2 differential equations determining the dynamic solution consists of the mass balance equations (14), (15), the hydrostatic equations (2), the capillarity equation (6) and the heat equation (16) . This is the second-order system with regard to reduced chemical potentials, the first-order system with regard to phase pressures and to temperature, and the zero-order system with regard to sarurationê. Correspondingly, for a correct statement of a boundary value problem, we need two boundary conditions for each reduced chemical potential and one condition for each pressure and temperature.
Two additional conditions are to be determined to specify locations of the boundaries of the transition zone.
Let us make a list of boundary conditions which we actually have for the transition zone, after determining the distribution in the gas cap starting from the data at a single point in the cap.
Assume that the top hand the bottom H of the transition zone are known. At the top of the transition zone:
• The pressure P" is known from the distribution in the 'gas cap. The value pi is found from Eq. (23).
• The temperature is found from its distribution in the gas cap.
• The chemical potentials in the gas phase 1J~are defined from the distribution in the gas cap.
• Diffusion fluxes in the gas phase I~are equal to zero. Then Eqs. (19) determine the initial values
At the bottom H of the transition zone 2This statement is not perfectly rigorous from the mathematical point of view, however, it clarifies the character of the system.
• The diffusion fluxes in the liquid phase I~= O.
Again, the values d1J~fdz may be determined from Eqs. (19) (with the geothermal gradient ( corresponding to unity saturation).
Additionally, we have two conditions which might be used in order to find the boundaries h, H of the transition zone:
• The saturation equals zero at the top and unity at the bottom of the transition zone.
We should not set I~= 0 at the top and Iõ at the bot tom of the transition zone, because the saturations of the corresponding phases and, therefore, the total fluxes are equal to zero at these boundaries regardless of values of diffusion fluxes. There is no way to determine the values of 1J~, neither at the top nor at the bottom of the transition zone, since conditions (21) are violated for the dynamic solution.
Thus, we lack boundary conditions for the reduced chemical potentials of the liquid phase. This lack is compensated for by the fact th at the points 8 = 0 and 8 = 1 are the specific points of the system considered, and th ere is only one specific trajectory of the system connecting these specific points and obeying the formulated boundary conditions. The corresponding theorem for the binary mixture was proven in [18] . We accept without proof th at this theorem is valid for a multicomponent case.
Another difficulty ofthe formulated boundary value problem is the necessity of combining the internal problem of determining the distributions of therrnodynamic parameters inside the transit ion zone with the extern al problem of locating the boundaries of that zone. In the next section, we will formulate assumptions allowing to avoid this problem and to find an approximate solution of the system.
Such an approximate solution is necessary, because the formulated boundary problem is extremely difficult to solve numerically. The reason is not only that the coupling of the external and intern al problems requires advanced iteration methods for loçating the transition zone [5] . An additional difficulty is that all but one of the solutions of the diffusion problem "turn to infinity" in the very neighborhood of the specific points 8 = 0, 8 = 1, and it is probably impossible to use methods based on finite differences in order to separate the only bounded solution.
Simplifying assumptions
To proceed with constructing the approximate solution, we assume that in the transit ion zone we can neglect variations of the phase densities pi, of the kinetic coefficients L~f3' N!, q~, r i and of the surface tension u cos 8. Additionally, the capillary pressure function J(8) is assumed to be the same at each depth. However, the porous medium may be heterogeneous, as the average pore size JkN may vary with depth.
The assumption about constancy of the densities and kinetic coefficients is validated by the fact that, along the transition zone, variations of such governing parameters as pressures and temperature are usually insignificant [1, 10] and, therefore, the "secondary" changes in the coefficients of the governing equations may be neglected.
In the assumptions above, the pressure and capillarityequations (2) and (6) may be solved separately from the other system, which gives (14), (15), (16) 
If the reservoir is homogeneous (J k f 4> = const), then the right-hand side of the last equation is in-, dependent of Htr and explicitly determines its value. However, for a sharply heterogeneous porous medium, Eq. (25) may have several solutions indicating the formation of multiple transition zones. Even if it is not the case, the saturation defined by Eq. (24) may vary in a sharply non-monotonous way. Usually, the thickness of the transition zone is defined not as a distance between the depths of zero and unity saturations, but between those of the residu al saturations of the phases, so that GOC corresponds to reaching the residual oil saturation [10] . For this definition of the transition zone, the values J(O) and J(l) in Eq. (25) must be replaced by J(8gr) and J(8or),
The last equation serves a reasenable approximation for the thickness of the transition zone even if phase densities and surface tension vary.
Let us give an example of the estimation of the thickness of the transition zone. Assume that the vapor and liquid densities are 200 and 600 kg/rn", correspondingly, the reservoir is homogeneous and Iowpermeable, with the permeability 10- value compared with a characteristic reservoir thickness. Of course, these estimates may strongly vary depending on reservoir conditions. However, they show that the effects of the transit ion zone cannot be neglected without pre-evaluation.
Reduction of the system
Assuming that the dep enden ce s(z) is known, let us obtain a closed system of equations for the vector 'Ij; defined as a difference of the veetors of reduced chemical potentials:
To do so, we follow the procedure suggested in [18] for a binary mixture, generalizing it to the multicomponent case. First, we add Eqs. (14) and (15) ::
QoD(s)-lN(s) (30)
Finally, excluding fr om Eq. (14) 
where
(s)T]D(s)-lN(s)}
It is seen that A = 0 at s = 0 or s = 1, so that the top and the bot tom of the transition zone are really the specific points of Eq. (31). However, at the same points R = 0 which makes possible the existence of the only bounded solution, as it was shown in [18] .
Asymptotical analysis
System (31) may be considered as a system with a large parameter.
In order to show this we transform Eq. (31) 
moHtr "1=--
10
Let us estimate the order of magnitude of the dimensionless parameter "I, which reflects the relation between the characteristic values of diffusion fluxes and the fluxes governing the exchange between phases. It is natural to assume that this exchange is also caused by the diffusion mechanism. However, th is mechanism acts at characteristic distances much smaller than the thickness of the transition zone Htr. Different phases in a disordered po rous medium are weIl "mixed up", and a characteristic thickness d of a separate gas (liquid) cluster is of the order of several pore sizes. The last statement is valid even in the case where the phases form continuous systems (infinite clusters).
We have mo '" Ieq Id, wh ere Ieq is the diffusion flux equating potentials in the two phases, and "I '" (Htrld)(Ieqllo).
On the other hand, 10 '" Dol Htr and Ieq '" Deqld, where Do and Deq are diffusion coefficients of the corresponding processes. Assuming that Do '" Deq we obtain Ieqllo '" Htrld.-Thus, "I '" (Htr Id)2, which is reasonably large.
The way the large parameter "I enters system (32) is of WKB type. One of its partial bounded solutions may be within "1-1 approximated by [20] :
, =~(U')-ldR'(Z)
Since we postulated (and partly proved [18] ) the existence of the only bounded solution of the initial system (31), this solution is necessarily approximated by Eq. (33).
Note that solution (33) is of the order of 1'-1. The reason is that the chemical potentials in both phases are equated by the fast process of mass exchange, and the difference 'Ij; between them must be negligibly small. It is a reasonable approximation to neglect the value of 'Ij; in the expressions for the diffusion fluxes, the temperature and the chemical potentials. Such an approximation also makes it possible to get rid of the kin et ie coefficients Ua{3 of mass exchange, which are obviously hard to determine. The first term in the last equation corresponds to the geothermal gradient determined by Eq. (22), as the dynamic thermodiffusion is neglected. The second term expresses the correct ion caused by dynamic thermodiffusion. However, this correction differs from that given by Eqs. (18) and (20) . The reason is that the last equations correspond to the assumption about absence of motion, while Eqs. (34) and (35)correspond to the diffusion fluxes, which differ fr om zero. Substituting these equations into expression (14) for the diffusion fluxes in liquid we find that
A similar expression can be obtained for J". By simp Ie transformations it can be shown that l ' = 0 when s = 1. Thus, diffusion fluxes in liquid disappear at the lower boundary of the transition zone. Similarly, the diffusion fluxes in the gas ph ase vanish at the upper boundary of that zone. Of course, the diffusion fluxes are proportional to the dynamic thermodiffusion coefficients N', NtI, and to the heat flux of the Earth Qo.
In the case of binary mixtures, all the veetors and matrices become scalars, and the equations for gradients of chemical potentials, temperature and diffusion fluxes are simplified [18] : is that these values do not depend on the capillary characteristics of a porous medium, but only on the saturation and kinetic coefficients. Thus, it is reasonable to study these values as functions of the saturation. The corresponding dependencies are presented in Table 1 . The reservoir mixture of an oil-gas-condensate reservoir was split into two pseudocomponents, methane and another one approximately possessing properties of n-hexane. Thermodynamic properties of these mixtures were taken from [21] . The densities of gas and liquid are, correspondingly, 250 kg/m 3 and 500 kg/m 3 .
D(s)
The diffusion coefficients are of the order of the molecular diffusion (10-8 m
2
Is for gas and 10-
Is for liquid), since there is no convective diffusion in absence of the convective flux. The thermodiffusion ratios are estimated 0.05 for liquid and 0.5 for gas [22] . These values are used to find the coefficients L, N, q. The porosity of the reservoir is 0.1, its heat conductivity is 0.16 Wl(m·K). The first column of Table 1 proximately, one meter per 300 years. Of course, this value is negligibly small compared to flowrates characteristic of the process of development of the reservoir (one meter per day). However, the diffusion flowrate may lead to a significant redistribution of the components on geological time scales.
The last statement is validated by the second column in Table 1 showing the values of the gradient of the reduced chemical potential 1/ 1 • This value is of the order of unity, so the total change in the value of the chemical potential can be of the order of several hundred for a large transit ion zone. An estimate of the order of the value of 1/ 1 is RTl M 'V 10 4 , so that the change may be several percent of its value, leading to significant variation of the composition of the mixture.
The third column of the table shows variation of the geothermal gradient with saturation. This variation is insignificant, it does not exceed 10 %. The largest variations are observed at the bottom of the transition zone (8~1). Such an insufficient change in the geothermal gradient is explained by the fact that the heat conductivity of the two-phase mixture in the porous medium is determined by that of the rock, which occupies 90 % of the reservoir space.
CONCLUSIONS
1. The theory of segregation in a thick oil-gascondensate reservoir is developed. The act ion of capillary forces and of the geothermal gradient is taken into account. Analytical solutions for distributions of thermodynamic variables are obtained.
2. Presence or absence of the phenomenon of dynamic thermodiffusion determines, whether therĩ s equilibrium in the transition zone between gas and oil parts of the reservoir (this zone arises due to the action of the capillary forces). If dynamic thermodiffusion is absent or negligible, there is equilibrium in all the three zones of the reservoir: single-phase gas and oil zone, as weIl as two-phase transition zone.
3. In the presence of dynamic thermodiffusion, neither thermodynamic nor mechanic equilibrium is possible in the transit ion zone.The segregated state of the two-phase mixture in this zone is characterized by non-zero diffusion fluxes of the components which are equilibrated by the mass exchange between phases.
4. Sample calculations show high thickness of the transition zone (up to several hundred meters) and high intensity of diffusion fluxes in it, compared with geological time scales. The diffusion fluxes may lead to significant redistribution of the components in the reservoir.
NOMENCLATURE
The system of units SI is used. 
